The solid-state polymorphic transformations of 2-oxo-1-pyrrolidine acetamide (Piracetam) were investigated using a combination of off-line and on-line techniques; Differential Scanning Calorimetry (DSC), High Temperature X-ray Diffraction (HT-XRD), thermal analysis and Hot Stage Optical Microscopy. Form II and Form III were each observed to transform directly to Form I upon heating, with Form II transforming at a slightly lower temperature. The transformation of both polymorphs to Form I was observed to cause physical cracking of the crystals as well as changing the optical properties. Form I consistently transformed to Form II when cooled. The molecular rearrangements required for the transformation from Form I to Form II were found to be more energetically favourable than those required for the transformation to Form III. The transformation from the metastable Form II to the stable Form III was not observed in the solid state, while the Form II -Form III transition temperature was found to be higher than the transition temperature of both polymorphs to Form I.
INTRODUCTION
Pharmaceutical solids may undergo phase transformations resulting in undesirable dosage form performance. A polymorphic transformation occurs when a particular phase becomes unstable as a result of the prevailing environmental conditions. The relative stability of the various polymorphs of a given compound is determined by the respective Gibbs free energies (G) of the different forms. Possible polymorphic transformations are dictated by differences in free energy at the transition point associated with structural or compositional changes, with the most stable polymorph having the lowest free energy.
Polymorphic transformations can proceed via a number of different means. 1, 2 The transformations examined in this work involve the molecular rearrangement of a metastable crystal structure into a more stable crystal structure while remaining in the solid state. 3 In enantiotropic systems, where polymorphic transformations are thermodynamically reversible, there may or may not be a metastable region across the transition point where a polymorph can exist under a set of conditions, but where an alternative polymorph is thermodynamically more stable. Kawakami et al. 4 published a detailed study including numerous examples of systems of both types. The kinetics of an enantiotropic transformation may be hindered if the activation energy for the transformation is large enough to present a barrier, thereby creating a metastable region where the original polymorph has a finite lifetime. 4, 5, 6 Piracetam (Structure 1) is a nootropic drug, which is an agent that acts on cognitive dysfunction without causing sedation or stimulation. 7, 8 Throughout the literature there is some confusion over the nomenclature of the different polymorphs. In this work the system used for naming polymorphs is outlined previously, with the alattice parameter from the Cambridge Structural Database (CSD) placed in brackets after the Structure 1. Molecular structure of Piracetam.
polymorph identification. 9 For example, Form II is referred to below as FII (6.403 13 In this work, the solid-state transformations of piracetam are characterised via DSC, High Temperature X-ray Diffraction (HT-XRD), Hot Stage Optical Microscopy and thermal analysis. It has been noted that the thermodynamic transition temperature on the free energy diagram may often be in advance of the observed transition temperature from the experimental analysis in the literature. 6 Hence, efforts were made to establish the exact temperature of the thermodynamic transitions seen in the piracetam system.
As remarked in an review by Herbstein: "there are relatively few papers about the actual transition directly viewed by microscopic techniques in order to infer the mechanism, and not many about changes in crystal structure as the system passes through the transition." 18 Beckham et al. noted that gaining a direct molecular level insight into the dynamic events occurring during solid state polymorphic transformations is outside of the scope of current experimental capabilities, and thus there is little definitive evidence for any particular mechanism. 19 In this study the physical changes to the crystals during the transformations to FI(6.747) are visually observed and computational prediction modelling is employed to gain an understanding on a molecular level.
EXPERIMENTAL
Piracetam was supplied by UCB Pharma SA and complies with European Pharmacopoeia 6.5 standards (CAS Number: 7491-74-9, Batch Number: 09G06-B93 Certificate of Analysis states that the batch complies with the IR, HPLC and solution appearance tests. It also complies with a heavy metals limit of < 10 ppm, sulphated ash of < 0.1 %, water content of < 0.1 % and the purity is 100 +/-2 % 13 C at 50% with a ramp of 10% and TPPM decoupling at 100 %. 1 H double pulse experiments were run to obtain an average optimum relaxation delay for each sample. 13 C CPMAS spectra were collected using the optimised contact times and relaxation delays for each sample (Table 1) . 13 C double pulse cross polarisation experiments were run to obtain a T1 relaxation time for every carbon in each sample. gives a more accurate output of the thermal event temperature.
Molecular Analysis
Optimisation of the total epitaxial interaction (normalised by the total number of unit cells in the system) between two crystal blocks was undertaken using the differential evolution global optimisation 21, 22 implemented in the program DEX. 23, 24 Initial studies optimised a 2 × 2 × 2 block of FIII(6.525) onto the (100), (010), (001) The polymorphs were also characterised through SS-NMR analysis, while measurement of the T1 relaxation times for each carbon atom in the two polymorphs of piracetam were also undertaken ( Table 2 ). The carbons (C1 to C6 from Figure 4 ) in FIII(6.525) take longer to relax, implying that they have lower mobility than in FII(6.403). The 13 C CPMAS spectra of the two polymorphs are shown in Figure 5 . The spectra appear to be quite similar but upon close examination, it is clear that there are slight differences in the packing environment of the crystal structures which cause the shifts in NMR signal. Peak splitting, seen in the C6 carbonyl of FIII(6.525), and not in FII(6.403) is the major difference in the spectra for the two polymorphs ( Figure 6 ). Neither sample contains any trace of a C6 peak that overlaps with that which is characteristic of the other polymorph, inferring purity. The chemical shift differences between the polymorphs are more apparent in this carbonyl region compared to the aliphatic region. Characterisation of both polymorphs by ATR-FTIR analysis has been documented previously.
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Analysis of Solid-State Polymorphic Transformations of Piracetam
Transformation of FII(6.403) or FIII(6.525) FII(6.403) and FIII(6.525) are known to transform to FI(6.747) at elevated temperatures. [12] [13] [14] [15] [16] Variation in composition during the transformation was monitored using HT-XRD (Figure 7 ). In DSC provides a more accurate estimation of the temperature of the thermal event. The DSC scans obtained for FII(6.403) and FIII(6.525) with a heating rate of 5 ˚C/min are presented in Figure 9 , with the properties summarised in Table 3 The transformation of FIII(6.525) to FI(6.747) was visualised using Hot-Stage Optical Microscopy ( Figure 10 ). The transformation began as a shadow that appeared at the top of the crystal at 109 ˚C, which is highlighted in red. This presumably is the nucleation point of FI(6.747).
This shadow then extended throughout the whole crystal and changed it from being optically transparent to opaque. The habit of the crystal does not change during the transformation but a major crack, extending from the point where the shadow was first seen, splits the crystal in two.
Other cracks can also be seen appearing and extending during the transformation. It also confirms that kinetic effects prevent the transformation from the metastable FII(6.403) to the stable FIII(6.525) materialising in the solid state.
It has been reported 12-14 that trace amounts of FIII(6.525) sometimes persist during DSC analysis after the bulk of the sample has transformed to FI(6.747), as evident by the presence of a small endothermic peak at 139 -140.2 ˚C in addition to the melting of FI(6.747). No such data has been reported for FII(6.403). Thermomicroscopy estimated melting points for FII(6.403) (140.7 ˚C) and FIII(6.525) (140.2 ˚C). 13 Employing a heating rate of 10 ˚C/min in the current study, DSC scans showed suspected melting points for FII(6.403) and FIII(6.525). Very small endothermic peaks were observed at 139.0 ˚C for FII(6.403) and 138.3 ˚C for FIII(6.525). It is thought that these peaks represent the melting of trace amounts of the samples that did not transform to FI(6.747).
The difference between the transition temperature of FII ( Ceolin at al. 12 reported that FI(6.747) transforms to FII(6.403) at ambient conditions. The composition of samples of FII(6.403) and FIII(6.525) that had transformed to FI(6.747) were monitored after the samples had been cooled to room temperature. Figure 12 shows the composition of an originally FIII(6.525) sample. After transformation to FI(6.747) by heating, the sample was cooled and monitored by XRD analysis. It is still completely FI(6.747) immediately when cooled to room temperature. Four hours later the transformation to FII(6.403) has begun, while the XRD of the sample 24 hours later shows the transformation to FII(6.403) was complete. The transformation to FII(6.403) did not occur during 5 day holding periods of FI(6.747) at temperatures from 100 ˚C down to 38 ˚C, confirming that FI(6.747) can exist in a metastable state.
Only after holding at 30 ˚C did the transformation occur. The activation energy barrier for the transformation must be significant, as the transformation does not happen in a practical time frame until the temperature has reached almost 70 ˚C beyond the thermodynamic transition point. As FI(6.747) transforms to FII(6.403) and not FIII (6.525) , the system appears to follow Ostwald's rule of stages. When leaving the unstable phase (FI(6.747)), the system does not seek out the most stable phase (FIII(6.525)), but rather the nearest metastable phase (FII(6.403)) which can be reached with a loss of free energy. 35 Interestingly, as viewed under the optical microscope, the opaque optical property of FI(6.747) remains after the transformation to FII(6.403) has gone to completion, in what is thought to be a poly-crystal. Figure 14 shows an extension of the semi-schematic energy-temperature diagram proposed by Kuhnert-Brandstaetter et al. 13 with experimental data for different thermal events that occur included. 
Molecular Analysis
The preference for FII(6.403) over FIII (6.525) commensurate relationships between the values could be located using epicalc methodology 36, 37 and so no long scale period interaction between the phases would be anticipated.
The optimisation of the larger crystal blocks identified a stronger interaction between FIII(6.525) and FI(6.747) (E = -9.67 kJ·mol -1 ) compared to that between FII(6.403) and FI(6.747) (E = -7.45 kJ·mol -1 ) due to the formation layers of hydrogen bonding in the FIII(6.525) case ( Figure 15 ).
However, the lack of a lattice match between the cells is reflected by the lengthening of these bonds for each repeat of the over-layer structure. However, further studies are required to fully confirm this suggestion, such as molecular dynamics studies and experimental studies to fully confirm the atomistic details of the transformation mechanism. 
CONCLUSIONS
The purity of FII(6.403) and FIII(6.403), isolated by cooling crystallisation from 1,4-dioxane and methanol respectively, was verified using a number of techniques including XRD, DSC, SS-NMR and SEM. FII(6.403) was found to consistently transform to FI(6.747) at a lower temperature than FIII(6.525). The temperatures reported for these transition points are expected to be closer to the true thermodynamic points, compared to the data reported in the literature. The solid-state polymorphic transformations of piracetam were investigated using a number of analytical techniques. The transformations of FII(6.403) and FIII(6.525) to FI(6.747) upon heating were examined, as well as the transformation of FI(6.747) to FII(6.403) upon cooling.
Computational prediction modelling was employed to gain an understanding of the transformations on a molecular level. All polymorphs are enantiotropic to each other, and the thermodynamic transition points were investigated in detail.
